The ocular surface consists of the cornea, conjunctiva, and the limbus that is located in the transitional zone between the cornea and conjunctiva. The corneal epithelial cells are generated through the mitosis of corneal epithelial stem cells in the limbus. This study investigated a rabbit corneal deficiency model prepared by the surgical removal of the corneal and limbal epithelia, which express cytokeratin 12 (K12). After the surgery, K13-expressing conjunctival epithelium migrated onto the corneal surface and completely covered the surface, leading to neovascularization and corneal opacification. However, at 24 and 48 weeks after the surgery, K12-expressing cornea-like cells reappeared on the model ocular surface. These cells formed an island surrounded by invaded conjunctiva and were isolated from the limbus. Interestingly, in the 24-week model surface, a1(IV) and a2(IV) collagen chains, which are normally found in the basement membrane of the native limbus and conjunctiva, and not in the cornea, were continuously deposited throughout the entire basement membrane, including the basement membrane under cornea-like cells. By contrast, in the 48-week model surface, a1(IV) and a2(IV) collagen chains were absent from the basement membrane beneath the central part of cornea-like cells and were localized below the invaded conjunctiva and the transitional zone between cornea-like cells and the invaded conjunctiva, which had similar distribution to the native ocular basement membrane. Moreover, K12, K14, p63, vimentin, and a1(IV) and a2(IV) collagen chains, which are colocalized in the native limbus, were all present at the transitional zone of the 48-week model surface. Therefore, a limbus-like structure appeared to be reconstructed on the surface of the 48-week model as a stem cell niche. This study should aid in the understanding of human corneal deficiency, the correlation between the epithelial cell phenotype and the composition of the basement membrane, and the epithelial stem cell niche.
The surface of the cornea is covered by a stratified squamous epithelium consisting of three to five nonkeratinized epithelial cell layers. [1] [2] [3] Corneal epithelial cells are formed through mitosis at the basal layer and then move up to the surface region and slough off from the superficial layer. This turnover process is known to occur over 2 weeks. Homeostasis of the corneal surface is maintained by the generation of new cells from the stem cells of the limbus, which is located at the transitional zone between the cornea and the conjunctiva. [4] [5] [6] [7] [8] When corneal epithelial stem cells have been irreversibly injured by severe trauma or diseases such as in Stevens-Johnson syndrome or ocular pemphigoid, the adjacent conjunctival tissue covers the ocular surface, leading to corneal vascularization, opacification, and severe visual loss. [9] [10] [11] These pathological characteristics are considered to represent corneal epithelial stem cell deficiencies. The rabbit corneal deficiency model has been reported to be produced by the surgical removal of the corneal and limbal epithelia and the topical application of 1-n-heptanol onto the cornea and the limbus. 12 In the reported corneal deficiency model, opacification of the corneal surface, conjunctival invasion with goblet cells, and neovascularization have been observed to be comparable to the processes in human corneal stem cell deficiency. [12] [13] [14] In this study, rabbit corneal deficiency models were prepared to investigate the remodeling of corneal epithelia and their basement membranes.
In the wound-healing process, corneal epithelial stem cells provide differentiated cells for reconstructing the epithelium. Corneal epithelial stem cells are regulated by their own microenvironment, including cell-cell and cell-extracellular matrix (ECM), known as the 'stem-cell niche'. [15] [16] [17] Previous study demonstrated that some growth factors and morphogenetic factors bind directly to particular ECMs and regulate cell proliferation and differentiation. 18 Moreover, the variations in basement membranes are known to depend on the tissue. On the ocular surface, the cornea, which contains terminally differentiated cells, and the limbus, which contains stem/progenitor cells, reside on the basement membranes with different components. 19 Therefore, the basement membrane of the limbus is presumed to regulate the proliferation and differentiation of corneal epithelial stem cells.
The aim of this study was to investigate the remodeling of the corneal epithelium and basement membrane in a corneal deficiency model. Specifically, the ocular surfaces were examined, by immunohistochemistry with a-chain-specific anti-type-IV collagen antibodies and putative stem/progenitor cell markers, to determine the correlation between the epithelial cell phenotype and the composition of the basement membrane.
MATERIALS AND METHODS Preparation of the Rabbit Corneal Deficiency Model
New Zealand white rabbits weighing B2.5 kg each were treated in accordance with the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research and with the experimental procedures approved by the Committee for the Tokyo Women's Medical University. After anesthesia, the entire corneal epithelium, including the limbus and conjunctival tissue 3 mm beyond the transitional zone between the cornea and conjunctiva, was completely and surgically removed, exposing the stroma. After mechanical debridement, the ocular surface was treated with the topical application of 1-n-heptanol for 5 min. Antibiotic (0.3% ofloxacin) and steroid (0.1% betamethasone) eye drops were applied once a day for 1 week. 12, 20 At 4, 24, and 48 weeks after the surgery, the rabbits were killed using an overdose of anesthetic agent (pentobarbital), and the eyes were enucleated for histochemical analysis.
Immunohistochemistry
Normal and rabbit corneal deficiency model tissues at 4, 24, and 48 weeks after the surgery were collected, embedded in optimum-cutting-temperature compound, and processed into 5-mm frozen sections. After drying for 1 h at room temperature, the tissue sections were washed with Dulbecco's phosphate-buffered saline (PBS; Sigma-Aldrich, St Louis, MO, USA), incubated with 3% H 2 O 2 solution to inactivate internal peroxidase, and treated with PBS containing 5% donkey serum (Sigma-Aldrich) and 0.3% Triton X (SigmaAldrich) for 1 h to block nonspecific reactions. For the immunostainings of type IV collagen a-chain-specific rat monoclonal antibodies, sections were treated with a mixture of 0.1 mol/l KCl and 0.1 mol/l HCl solution (pH 3.5) for 10 min at room temperature to denature epitopes. 21 Primary antibodies were incubated overnight at 4 1C. Details of the procedures using various antibodies are shown in Table 1 . The secondary antibodies were horseradish peroxidaseconjugated anti-mouse, anti-goat, and anti-rat IgG (1:1000 dilution; Jackson Immuno Research Laboratories, West Grove, PA, USA), Alexa 568-conjugated anti-mouse IgG (1:500 dilution; Molecular Probes, Eugene, OR, USA), and Alexa 488-conjugated streptavidin (Molecular Probes). The sections were examined with an upright microscope and confocal microscopes (Carl Zeiss Meditec, Jena, Germany).
RESULTS

Condition of the Ocular Surfaces and Epithelial Cell Phenotype
The rabbit corneal deficiency model was prepared by 1-nheptanol treatment after the surgical removal of the corneal and limbal epithelial layers, including the basement membrane. The epithelial defect was diagnosed with fluorescein staining because native corneal epithelium is completely protected from fluorescein penetration by its tight junctions. 22 At 1 week post surgery, the corneal stroma was stained well with fluorescein ( Figure 1 ). After 4 weeks, neovascularization developed into the corneal region from the conjunctiva, and fibrous tissues invaded. Fluorescein staining was observed in the central part of the corneal deficiency model surface except at the peripheral cornea, indicating that epithelial cells migrated into the corneal surface from the conjunctiva (Figure 1 ). At B6 weeks post surgery, epithelial tissue covered the entire surface of the cornea with angiogenesis, and prevented fluorescein staining even after 24 and 48 weeks (Figure 1 ). Corneal deficiency model rabbits were killed at 4, 24, and 48 weeks, and the ocular surfaces were examined histologically. Native corneal stroma is avascular and consists of uniform and linear lamellae of fibrillar collagen. 23, 24 By contrast, the stroma in the corneal deficiency model was vascularized (Figures 2b and c, asterisks) , and the collagen fibrils were randomly oriented (Figure 2a-c) , as has also been observed in the pannus of human SJS patients. 25 The 4-week corneal deficiency model surface showed expression of cytokeratin 13 (K13; Figure 2d ), a conjunctival epithelial marker, 26, 27 , and mucin 5AC (Muc5; Figure 2g ), a goblet cell marker. Moreover, K12, a corneal epithelial cell marker, was absent from the 4-week corneal deficiency model surface ( Figure 2j ). These data suggested that conjunctival epithelial cells were migrating into the corneal region after the removal of the limbal and corneal epithelia. The presence of goblet cells has been considered evidence for the migration of conjunctival epithelium onto corneal stroma, 28 termed invaded conjunctiva, and this occurrence has been theorized to be similar to some ocular surface diseases including corneal stem cell deficiency and pterygium. 29, 30 The rabbit corneal deficiency model in this study is believed to reflect the clinical status of corneal stem cell deficiency based on three lines of evidence: vascularized stroma, the expression of K13, and the presence of goblet cells.
After 24 weeks of follow-up, the central region of the epithelium was observed to be thicker ( Figure 2b 
Correlation between the Epithelial Cell Phenotype and the Composition of Type IV Collagen
Collagen is a protein superfamily that has a characteristic triple helix domain composed of three a-chains derived from the corresponding genes. In the case of type IV collagen, six genetically distinct a-chain genes have been identified. 21 ,31 A subtype of type IV collagen, a1-a1-a2(IV), is common as a major component of the basement membrane. a1-a1-a2(IV) collagen has been previously reported to exist in the basement membrane of the native human ocular surface under the conjunctival and limbal epithelia but to be absent from the central cornea. 19, 32 a3-a4-a5(IV) collagen is specifically formed in the basement membrane under the corneal epithelium. 19, 32 In addition, a5-a5-a6(IV) is formed in the basement membrane under the entire ocular surface, from the conjunctiva to the central cornea. 19, 32 In this study, native rabbit ocular surfaces were stained with monoclonal antibodies recognizing a1(IV), a2(IV), a3(IV), a4(IV), and a5(IV) collagen chains. These antibodies are raised against amino-acid residues in the carboxy-terminal domain of the chain and have been previously confirmed to exhibit cross-reactivity for rabbit counterparts. 21 In the native rabbit ocular surface, a1(IV) (Figures 3a-c) and a2(IV) (Figures 3d-f ) collagen chains were observed in the conjunctiva and the limbus and were absent from the cornea. Staining for the a3(IV) collagen chain was not observed in the basement membrane of the entire ocular surface, detected only in the some microvessels (Figures 3g-i) . a4(IV) collagen chain was weakly detected only in the limbal basement membrane (Figures 3j-l) . a5(IV) collagen chain was located throughout the ocular surface, from the conjunctiva to the central cornea (Figures 3m-o) . The dis- tribution of type IV collagen a-chains in native rabbit ocular surfaces is summarized in Table 2 .
In the 24-and 48-week corneal deficiency models, immunohistochemical staining with anti-a5(IV) collagen chain antibody was performed on serial sections stained with antibodies against K12 and K13. a5(IV) collagen chain was abundantly deposited in the basement membrane beneath K12-expressing cornea-like cells (Figures 4a and d : arrow head) with faint or negative deposition in the basement membrane underlying invaded conjunctiva (Figures 4c and f) . Therefore, these findings demonstrated that the composition of the basement membrane beneath cornea-like cells was different from that of the surrounding area. Figure 3 Distribution of type IV collagen a-chain isoforms on the native rabbit ocular surface. Immunohistochemical staining of native rabbit cornea, limbus, and conjunctiva with a1(IV) (a-c), a2(IV) (d-f), a3(IV) (g-i), a4(IV) (j-l), and a5(IV) (m-o) collagen chains. Scale bar ¼ 25 mm.
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In addition, to investigate the correlation between the epithelial cell phenotype and the composition of the basement membrane clearly, double staining for a1(IV) and a2(IV) collagen chains and K12 was performed. In the native ocular surface, a1(IV) and a2(IV) collagen chains were deposited in the basement membrane under the limbal and conjunctival epithelia and were absent from the basement membrane under the central corneal epithelium (Figures 5a-c) . On the 24-week model surface, a1(IV) and a2(IV) collagen chains were continuously deposited throughout the whole ocular surface, including under cornea-like cells (Figures 5d-f) . On the 48-week model surface, a1(IV) and a2(IV) collagen chains were deposited in the basement membrane under the transitional zone and invaded conjunctiva (Figures 5h and i) and were absent from the basement membrane under the central region of the cornea-like cells (Figure 5g) . Moreover, a1(IV) and a2(IV) collagen chains were also expressed on the vessels in the stroma, including under the cornea-like cells ( Figure 5 , asterisks).
Reconstruction of a Limbus-like Structure on the 48-week Model Surface
On the native ocular surface, the expression of K14, a basal epithelial cell marker, and p63, a putative stem/progenitor cell marker, are known to colocalize in the limbal basal epithelial cell layer. By contrast, K12, a marker of differentiated corneal epithelial cells, is expressed in the full thickness of the central cornea and in the suprabasal to superficial layers of the limbus without a basal cell layer. 33 First, histological double staining was performed with antibodies against K14 and a1(IV) and a2(IV) collagen chains. In the 48-week model surface of the transitional zone between cornea-like cells and invaded conjunctiva, K14-expressing cells were found to localize on the basement membrane containing a1(IV) and a2(IV) collagen chains ( Figure 6d) ; K14-expressing cells and a1(IV) and a2(IV) collagen chains were also observed in the native limbus (Figure 6a) . However, the expressions of K14 and a1(IV) and a2(IV) collagen were not observed in the central part of the cornea-like cells of the model surface, except for in the blood vessels (Supplementary figure 3d) . Next, the expression patterns of K12, K14, and p63 were examined. In the native limbus, although the basal epithelium expressed K14 and p63, the upper cell layers expressed K12 (Figures 6b and c) . At the transitional zone of the 48-week model surface, the basal cell layer expressed K14 and p63, and the upper cell layers expressed K12, which were similar to the native limbus (Figures 6e and f) . By contrast, in the native cornea and in the central region of cornea-like cells of the 48-week model surface, the expressions of K14 and p63 were not observed (Supplementary Figure 3b, c, e, and f). 
Appearance of a Mesenchymal Cell Phenotype During the Epithelial Remodeling
The epithelial-mesenchymal transition (EMT) is known as an induced phenomenon during the wound-healing process. 34 In this study, the corneal deficiency model specimens were stained with K14 and vimentin antibodies to investigate the induction of EMT. In the native ocular surface, K14 expression was detected only in the basal epithelial layer of the limbus, and was not observed in the central cornea and the upper epithelial cell layers of the limbus (Figures 7a-c) . Vimentin expression was observed in keratocytes located in the corneal stroma, fibroblast cells in the connective tissue below the limbal and conjunctival epithelial cell layers, and the dendritic cells within the epi- Remodeling in corneal deficiency model S Kameishi et al thelial layer. These vimentin-expressing cells were not co-expressed with K14 on native ocular surfaces (Figures 7a-c) . By contrast, on peripheral region of the 4-week model surface, vimentin expression was observed not only in fibroblasts and keratocytes but also in the migrating epithelial cells. Moreover, vimentin-expressing cells were also K14-expressing 
DISCUSSION
This study, using a long-term follow-up, demonstrated that K12-expressing cornea-like cells appeared on the corneal deficiency model surface. Moreover, cells expressing p63, a putative epithelial stem/progenitor cell marker, and K14, a Transdifferentiation of conjunctival epithelium into cornea-like cells has been reported by observing the decrease in the number of mucin-expressing goblet cells. 13 A previous study reported that cells stained positively with AE5 monoclonal antibody, which is known to recognize a major corneal 64-kD keratin (K3), are also detected in a rabbit corneal deficiency model surface. 14 However, AE5 has been shown to exhibit cross-reactivity with conjunctival epithelial cells, which actually lack K3 expression. 35 Recently, polyclonal antibodies against K12, which is specific to corneal and limbal epithelia, have been found to be useful in discriminating the corneal epithelium from the conjunctival epithelium. 36, 37 This study used the same goat polyclonal anti-K12 antibody 36 and confirmed that this antibody demonstrated no cross-reactivity with the conjunctival epithelium and was useful to identify the corneal epithelium specifically. In this study, K12-expressing cells were found in the central part of the corneal deficiency model surface, whereas Muc5-expressing goblet cells, contained in native conjunctiva, were undetected in the cornea-like cells. Moreover, in the 24-week model surface, cornea-like cells localized on the basement membrane containing a1(IV) and a2(IV) collagen chains, which are observed on the native limbus and conjunctiva. Although K12-expressing cells may have been generated from the remaining limbal epithelium, K13-expressing conjunctival epithelium migrated and enveloped the entire corneal surfaces in the early phase of the corneal deficiency model, and some of the conjunctival epithelial cells transdifferentiated into cornea-like cells. Furthermore, cells co-expressing K14, an epithelial basal cell marker, and vimentin, a mesenchymal cell marker, were observed in the invaded conjunctiva in the 4-week model surface. This result suggested the induction of the EMT, which is characterized by the downregulation of the epithelial cell marker E-cadherin and the upregulation of the mesenchymal cell markers vimentin and N-cadherin and causes morphological changes and enhanced migration. 34 A previous study reported that EMT promotes dermal wound healing through enhancing epithelial migration in mouse keratinocytes. 35, 38 EMT is also reported to allow epithelial cells to acquire the stem cell phenotype. Immortalized human mammary epithelial cells transfected with Snail and Twist acquire the stem cell phenotype and sphere-formation ability through the induction of EMT. 39 In addition, normal human keratinocytes transduced with DNp63 convert their phenotype to mesenchymal cell-like and gain stem cell-like characteristics, such as the expression of Nanog and Lin28. 40 Moreover, Lin28 triggers the induction of EMT and increases in mammosphere-formation ability and aldehyde dehydrogenase activity, which are considered stem/ progenitor properties. 41, 42 In this study, cornea-like epithelial cells had a possibility to generate from K14 and vimentin co-expressing cells, which were allowed to acquire stem cell characters through EMT. Interestingly, in the 48-week model surface, cells expressing K14 and p63, a putative stem/progenitor cell marker, were detected only in the transitional zone between cornea-like cells and invaded conjunctiva, in which K14 and vimentin-co-expressing cells were also detected. Moreover, a1(IV) and a2(IV) collagen chains were found in the transitional zone and invaded conjunctiva and were not observed beneath cornea-like cells, which was similar to their distribution of the native ocular surface. On the basis of these results, the epithelial stem/ progenitor cells generated by EMT induction were proposed to be maintained in the transitional zone as a stem cell niche, which was similar to the native limbus. These observations indicated that conjunctival epithelial cells obtained the motility, proliferation activity, and stem cell phenotype through EMT, at an early phase of the corneal deficiency model. These cells invaded the central corneal region and entirely covered it. In the corneal stroma, cells with a stem cell phenotype were transdifferentiated into K12-expressing cornea-like cells by epithelial-mesenchymal interaction.
The molecular mechanisms of generating corneal epitheliallike cells and the accumulation of stem/progenitor cells in the transitional zone remain unclear. Recently, bone marrow cells have been reported to have the capability to contribute to the regeneration of the epidermis. 43 Another investigation has reported that the fibroblast cells present in the limbal stroma have a mesenchymal stem cell phenotype 44 and that these cells have the potential to differentiate into corneal epithelial cells. 45 In this study, although corneal and limbal epithelia were removed during the preparation of the model, limbal fibroblast cells remained in the limbal stroma. Indeed, conjunctival epithelial cells migrated into the central corneal region with fibroblast cells. Therefore, K12-expressing cornea-like cells might have been generated from fibroblast-like cells, generated by EMT induction, on the corneal deficiency model.
The rabbit corneal deficiency model appears to be a useful tool for investigating corneal epithelial stem cells and human corneal stem cell deficiency. These observations will also eventually be useful in the development of regenerative therapies for the epithelium.
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